INTRODUCTION
The spore coat constitutes a major part of the bacterial spore, in terms of both anatomy and mass. The coat is an important structure which probably plays a role in the resistance of the bacterial spore; it is also the initial contact site for germinative substances. The knowledge of chemical and physical constitutions of this complicated architecture will facilitate the studies on resistance and germination mechanisms in bacterial spores. The bulk of this coat has an amino acid composition similar to proteins (Salton & Marshall, 1959; Hunnel& Ordal, 1961; Warth, Ohye & Murrell, 1963; Snoke, 1964) . It has been also reported that wide differences are found in the proportions of amino acids and in the phosphorus contents of coats from different species (Fitz-James, 1955a, b ; Strange & Dark, 1956; Salton, 1964) . Spore coats consist of at least two distinct layers (Robinow, 1960; Ohye & Murrell, 1962; Warth et al. 1963) but only the overall composition has been reported, inasmuch as no one has yet succeeded in stripping the individual layers; furthermore, the criteria of 'pure' coats are arbitrary. The present report describes the isolation of individual layers from the spore coat and their chemical and physical characteristics.
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ether-soluble DNP-amino acids, chloroform +methanol + acetic acid (95 + 5 + 1, by vol.) ; for polyols, n-propanol + ammonium hydroxide (sp.gr. 0.88) +water (6 + 3 + 1, by vol.). Presumptive identification of lysine was made with two-dimensional chromatography on Whatman no. 1 paper, with the solvents : n-propanol + 24 yo ammonium hydroxide (sp.gr. 0.88) (2 + 1, by vol.) followed by methanol + water + 10 N-HCI + pyridine (80 + 17.5 + 2.5 + 10, by vol.). Amino sugars were chromatographed on Whatman no. 3 paper, with n-butanol + pyridine + 0-4 % (w/v) glacial acetic acid in water (60 + 35 + 25, by vol.) followed by phenol +water (4 + 1, by vol.). On occasion, both hexosamine and amino acids were detected on 2-dimensional thin-layer chromatograms developed with n-butanol + glacial acetic acid + water (4 + 1 + 1, by vol.) and phenol +water (4+ 1, by vol.).
Other determinations. N-Terminal amino acids were identified by Sanger's fluorodinitrophenylation method (Sanger, 1945 (Sanger, , 1949 , substituting NaHCO, + KOH for trimethylamine ; the bacterial DNP-derivatives were compared with authentic DNPamino acids. Partial hydrolysis of the resistant residue was done in 2 N-HC~ for 3 hr at 100". For the X-ray diffraction of paracrystal fraction, a model ADP-101 B Toshiba X-ray diffraction apparatus was employed. The sample powder filled into capillary tubing was placed in the apparatus at the distance of 3 cm. from the camera. The time of exposure was 10 hr (30 kV, 15 mA).
Electron microscopy. A model EMU 3-G RCA electron microscope was employed. Specimens were freeze-dried on freshly cleaned mica, shadowed with platinum palladium (80 + 20, w/w) and coated with carbon. The carbon-coated preparation was floated with distilled water from the mica onto a 200-mesh wire grid. Figure 1 depicts the sequence of steps for separating individual components from spore coats. The fractionation was done on approximately 1 g. samples of coats.
RESULTS

Fractionation of spore coats
Lysozyme digestion. This treatment eliminates mucopeptide regarded as cortical in origin and not an integral part of the spore coat (see Warth et al. 1963 ; Warth, 1965) . Nearly one-third of the weight of the coat fraction was removed in this step.
NaOH extraction. Lysozyme-digested coats were suspended in de-ionized water to an extinction of 0-8 and brought to 50". Upon adding NaOH the extinction rapidly decreased by about 50% (Fig. 2) . The alkaline extract was neutralized with HCl and concentrated in vacuum to a small volume in a rotary evaporator; a considerable amount of a white amorphous material precipitated. This water-insoluble material was dialysed against de-ionized water for 2 days in a cold room; it is designated as the ' alkali-soluble fraction '. Sonic treatment. When the sediment undissolved by the NaOH was agitated with glass rod to make a homogeneous suspension, the1sediment had a strong tendency to form aggregates difficult to disperse. A homogeneous suspension was obtained by mild sonic treatment. NaOH-extracted coats (1 50 mg.) were suspended in 15 ml. de-ionized water in a 20 ml. beaker (diam. 3.5 cm., height 4.5 cm. Thus, the spore coats were resolved into three fractions : ( 1 ) alkali-soluble fraction, (2) paracrystal fraction, (3) resistant residue. Levinson & Hyatt, 1964) . Coats with the higher P contents evidently contained most of their P in the resistant residue in which it became concentrated through the successive digestions, However, the other three strains showed no such P enrichment. From these and the findings of others (Fitz-James, 1955a fig. 7 ) , and the other smooth and relatively featureless, although this also may be layered (Pl. 3, fig. 6 ). The smooth layer disappeared after alkali-digestion and aggregated material can be seen on or around the treated coats (PI. 4, fig. 8 ). An interpretation possible from the photographs is that one of the coat layers is composed of preserVative.
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discrete particles which can be dissociated in conjugated form from their normal array by alkali treatment. The particle layer is probably overlayered with the alkalisoluble material; removal of the latter permits the release of the particles and this is expedited by mild sonic treatment. The particles are believed to constitute the bulk of the paracrystal fraction and were obtained readily by sonic treatment only after extraction with alkali. The resistant residue of the coats after sonic treatment and sedimentation in the centrifugation had a distinct ultramicroscopic structure (PI. 4, fig. 9 ) and was almost devoid of the larger particles described above. These particles probably represent the major portion of the paracrystal fraction which, as already seen, spontaneously associate into regular macrostructures.
From the results of the electron microscopy, one can imagine, as a working hypothesis, that the spore coat of Bacillus megaterium QM B 1551 consists of at least three components : a middle, particulate layer (the paracrystal fraction) is sandwiched between or ' cemented ' with the alkali-soluble layer on one side and the resistantresidue layer on the other. The alkali-soluble fraction of Bacillus megaterium QM B 1551 This material was insoluble in water at pH 7 but was soluble at pH 9.5. It did not move from the origin in thin-layer chromatography with n-butanol + acetic acid +water as solvent and it gave a strong reaction with ninhydrin. The material was treated again with lysozyme to eliminate contamination with mucopeptide. After acid hydrolysis, numerous amino acids were identified, by combinations of one-and two-dimensional thin-layer chromatograms, suggestive of protein. The P content was relatively low (0.9%). The amino acid analysis showed all of the usual amino acids (Table 2) of proteins. Thus, the alkali-soluble fraction appeared to consist predominantly of one
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or more protein(s) distinct in amino acid composition (Table 2 ) from that in the other fractions described below.
The alkali-soluble protein had more glycine than most proteins, with the notable exception of the collagens, which are extremely rich in this amino acid. Collagens also lack cystine; there was a very low cystine content in the bacterial alkali-soluble product. Perhaps the most outstanding finding was the very high content (12.0 %) of tyrosine. In distinction from the collagens where this tyrosine occurs in very low concentrations, the tyrosine content of the alkali-soluble proteins from the spore coats was higher than that of any of the 253 proteins whose analyses were compiled by Tristam & Smith (1963) . Only papain has a tyrosine content approaching that of the protein from these spore coats.
Other major differences between the three spore-coat protein fractions ( Table 2 ) are in the amounts of aspartic acid, lysine, and proline.
During the alkali extraction, the spore coats agglutinated strongly. This suggested that surface charges, either absent or masked by the alkali-soluble protein before its extraction, were generated by disruption of the normal combination (possibly a weak ester linkage involving e.g. the tyrosyl hydroxyls) between the protein and the rest of the spore coat. 
The paracrystal fraction of Bacihs megaterium QM B 1551
The lyophilized material was a slightly tan-coloured fluffy product; in water it formed a light amber opalescent solution. The colloidal solution was reactive with several reagents (Table 3) . Sodium lauryl sulphate (SLS) strikingly enhanced the solubility of the paracrystal fraction. Sonic treatment of the NaOH-extracted coats in 0.1 (w/v) SLS was a much more efficient means of obtaining this fraction than treatment in water alone. A cationic surface-active agent, cetyl trimethylammonium bromide, did not have this effect.
Several compounds, notably some reducing agents, elicited the opposite reaction, namely, a precipitation of the paracrystal fraction. The solution turned colourless and yielded a copious white amorphous precipitate (Table 3) . Other reagents, including Structure of Bacillus spore coats 265 cysteine, also induced precipitation although less effectively and the products were tan-coloured. These observations suggest that the paracrystal fraction had easily reducible groups and that, while reduced, these reacted inter-and possibly intramolecularly to form an insoluble polymer.
The behaviour in SLS also suggested that the paracrystal fraction broke into smaller components, resulting in increased solubility. The principal effect of the reducing agents also appeared to be one of solubilization, as suggested by the clearing of a colloidal suspension. The precipitation developed secondarily, presumably from a random interaction of the reduced fragments or subunits. This precipitation of the reduced units was markedly hindered by SLS. Consequently, conducting the reduction in the presence of SLS led to the formation of stable solutions of much higher concentrations than were otherwise obtainable. Comparable effects of reducing compounds and detergents on proteins dissociable into subunits is well known (Putnam, 1953; Reithal, 1963) . The precipitation and solubilization were reversible and temperaturedependent, with curves exhibiting a hysteresis (Fig. 3 ). There was a 12" differential in the temperatures which initiated precipitation and solubilization in this experiment.
The phenomenon was seen in SLS solution as intensely as in water.
Ultracentrifugation in a Spinco Model E instrument of a solution of paracrystal material in 0.1 yo (w/v) SLS showed the material to be markedly heterogeneous in respect to macromolecular components. In a comparable SLS solution to which 0-1 yo (w/v) mercaptoethanol was added, the several fast-moving peaks disappeared ;
there appeared instead a single rather broad peak that moved very slowly. The
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heterogenous heavier macromolecular components were dissociated into smaller components by the mercaptoethanol. These ultracentrifugation experiments were only preliminary ones, and it is not yet possible to decide whether the smaller particles are a homogeneous single component. The major slow-moving band was indicative of very small particles of macromolecules, estimated to be in the range of 4 Svedberg units. Mercaptoethanol and sodium lauryl sulphate had a decided effect on 'dissociation' of the paracrystal material, on elimination of much of the macromolecular heterogeneity, and on stabilization of dissociated solutions. An acid hydrolysate (6 N-HCl for 8 hr at 105') of the paracrystal fraction contained a variety of amino acids, muramic acid, and P in the ratio of 40 (L-alanine equivalents) : 6 : 1. The hexosamine content was 0.8 % but the reacting compound could not be identified as acetylglucosamine, glucosamine or galactosamine by using authentic reference samples. The muramic acid and P values may indicate contamination of the main protein component with a small amount of the resistant residue rich in phosphomuramic acid described below. The paracrystal material proved to have an unusual Table 2 ) more than half of the amino acids present were glycine, aspartic acid, glutamic acid and cysteine. More than four-fifths of the residues were accounted for by eight amino acids; more than one of every four residues was glycine. There was a high proportion of cysteine (half)-one of every 12 amino acid residues. Also noteworthy is the high proportion of the dicarboxylic acids : nearly one of every four amino acids residues was an aspartic acid or glutamic acid.
The paracrystal fraction was the only fraction rich in cysteine (Table 4) and it accounted for the bulk of the cysteine in the whole coats.
The X-ray diffraction photograph for the paracrystal fraction showed the following major rings: 10.1, 4-8, 3-0, 2.6, 2.3, 2-1, 1.9 and 1.7 A. The inner rings corresponding to 10.1 and 4.8 A were not so sharp as the other six rings, which were very sharp. Thus, two kinds of rings appeared in the X-ray diffraction photographs. The two inner rings (10*1,4*8 A) corresponded to those of a-keratin. Only the two inner rings were obtained from the fraction of germinated spore coat. The above results suggest that the paracrystal fraction consists of at least keratin-like substance as a basal structure.
The resistant residue fraction of Bacillus megaterium QM ~15. 51 The various components in a 6 N-HC~ hydrolysate were identified with the aid of thin-layer chromatography and estimated with the amino acid analyser. The composition suggested that the resistant residue contained a phosphomuramyl polymer in combination with peptide and/or protein. However, about one-third of the weight of the resistant residue was unaccounted for. The presence of aspartic acid, glycine,
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and glutamic acid in substantial amounts might suggest major contamination with incompletely removed paracrystal fraction, but this was contradicted by the low content of cysteine. The distinctiveness of the amino acid composition of the resistant residue was emphasized by the exceptionally high proportion of lysine; nearly one of every five of the identifiable amino acid residues was a lysine. The only protein reported to have a comparably high lysine content is cytochrome C (Tristam & Smith, 1963) . If, alternatively, the high lysine is in the usual kind of side chain of polymucopeptide (Weidel & Pelzer, 1965) , correspondingly high proportions of alanine, aspartic acid, glutamic acid and perhaps glycine would be expected. (There was no indication of 2,6-diaminopimelic acid in the results furnished by the amino acid analyser.) Since the amounts of the latter amino acids did not suggest the usual type of mucopeptide, we concluded that the resistant residue contained either a protein or a peptide of composition distinguished by an abundance of lysine. In addition to the known amino acids, three other significant ninhydrin-positive peaks, estimated to comprise less than 15% of the total, were recorded by the amino acid analyser. One of these unidentified components eluted from the analyser column before lysine, where a hexosamine was to be expected. A second peak was located just after the position of cysteic acid and well before aspartic acid. The third component was detected as a relatively broad peak whose apex developed shortly after that of phenylalanine and overlapped it.
Of the organic compounds identified in the hydrolysate, muramic acid was by far the most abundant (Table 5 ). Contrary to the usual finding with cell walls of vegetative bacteria (Salton, 1964) and despite deliberate attempts to detect it, no significant amounts of hexosamine were found.
The usually high P content was paralleled by the high total ash; more than one-quarter of the weight of the resistant residue was recovered as inorganic matter after ignition.
The cations in this ash were not investigated but, since it contained 25 % P, a reasonable inference is that the mineral matter was composed primarily of phosphate(s). * L-Alanine equivalents (Moore, 1963) in acid-hydrolysed sample.
-f Glucosamine equivalents (Rondle & Morgan, 1955) in acid-hydrolysed sample.
Partial hydrolysis of the resistant residue. Digestion with 2 N-HCl at 100" for 3 hr dissolved most of the resistant residue. The soluble material was passed through a column of Dowex 50 ion exchange resin (H+ form); almost none of the P was adsorbed. The solution was then passed through a Dowex 1 (chloride form) column followed by 0.1 M-NaCI as eluent. The several eluate fractions were analysed for
268
M. KONDO AND THE LATE J. W. FOSTER
orthophosphate and for organo-P. Three P-containing fractions were separated. The first fraction, containing 50 yo of the soluble P (all organo-P), was not adsorbed by the Dowex 1 (more details of this fraction below). The second P-containing fraction was discharged in the first 100 ml. of eluent; it represented 38 % of the soluble P and was identified as orthophosphorus. The third P-containing fraction contained 12 yo of the soluble P and was recovered in the second 100ml. of eluent. No additional P was eluted in three further 100ml. volumes of NaCl solution. On a thin-layer chromatogram the third fraction yielded a single P-containing spot. After hydrolysis in 6 N-HCl for 8 hr at 105", the only products detectable were orthophosphorus and muramic acid. The P-containing compound in fraction 3 probably was, therefore, a phosphomuramic acid.
The organo-P in the first fraction showed only one P spot which did not move from the origin in thin-layer chromatograms. The spot reacted very quickly with reagents for amino acids (ninhydrin), for amino sugars (Elson-Morgan reagent) and for reducing sugars (AgNO,). The P-containing material was eluted from a chromatogram, hydrolysed with 6 N-HC~ for 12 hr at loo", and the products subjected to 2-dimensional thin-layer chromatography. Only three components were detected ; they were identified as muramic acid, lysine and ortho-P, in the molar ratio of 1 : 1 :4.8. The unhydrolysed material did not react with fluorodinitrobenzene (FDNB), and DNP-lysine was not detected in the acid hydrolysate of an FDNB-treated specimen. The behaviour of the organo-P compound in fraction 1, particularly its very low reactivity when unhydrolysed, suggests that it may be a polymer of phosphomuramic acid and lysine. In hydrolysates of the corresponding fraction obtained from resistant residues of the spore coats of Bacillus subtilis 6633 and B. polymyxa 842, lysine was not detected; only muramic acid and ortho-P were found and column fraction 1 from these two organisms is considered to be a phosphomuramic acid polymer.
DISCUSSION
This work indicates that the spore coats of some Bacillus species are chemically and anatomically heterogeneous. Further, in accord with results of other investigators, substantial differences exist in the proximate composition in different species, even between strains of one species. However, a semblance of the sameness along with diversity which characterizes the walls of vegetative bacterial cells (Salton, 1964 ; Weidel & Pelzer, 1965) seems likely.
Judging from the exploratory analyses reported here, the coat chemistry suggests adaptation for a specialized function in the spore. Structural rigidity, physical toughness and metabolic inertness in biological systems are commonly provided by polysaccharides and protein. Identification of major components of the coats as a phosphomuramyl polymer [a 'murein' according to Weidel & Pelzer (1965) ], probably as a part of a phosphomucopeptide [a ' muropeptide ' or a phosphomuroprotein (Weidel & Pelzer, 1965) ], and also a protein whose chemical and physical properties resemble those of keratins (Crewther, Fraser, Lennox & Lindley, 1965) , provides a rationale for coat structure and exoskeletal function. The high content of glycine, cystine and dicarboxylic acids found in the paracrystal fraction is characteristic of most keratins.
It also seems likely that the high tyrosine content and perhaps the amounts of some of the other amino acids in the alkali-soluble protein, and also the high lysine content of the resistant residue, represent an adaptation for specialized function in the coat Structure of Bacillus spore coats 269 structure. The gross spore coats of Bacillus licheniformis contain tyrosine and glycine as major amino acids (Snoke, 1964) . In all probability the cystine enrichment discovered by Vinter (1961) in bacterial spores and the keratin identified by X-ray crystallography in spore coats (Kadota, Iijima & Uchida, 1965) correspond to the keratin-like protein isolated as our paracrystal fraction. The electron micrographs and the physicochemical properties presented suggest that in Bacillus megaterium QM B 1551 at least one coat layer is composed of units more or less selectively dispersible by mild sonic treatment. Similar electron microscope evidence has been obtained with spore coats of Bacillus megateriurn 988; these have yielded ultramicroscopic particles of various sizes and also discrete smaller units which appear to be uniform and primary (Williams, Holdom & Foster, unpublished data) . Recently, we have also succeeded in visualizing in situ in spore integuments regular arrays of uniform macromolecular particles in sheet-like layers (see Gerhardt & Ribi, 1964 , on ultrastructure in the exosporium of B. cereus spores). The layers of Bacillus megaterium 998 are composed of parallel chains of the particles (Suzuki, Williams & Foster, unpublished data). Probably the tendency of solutions of the keratin fraction to associate spontaneously to form paracrystal structures (Pl. 1, figs. 1-4; P1.4, fig. 8 ) is a reflexion of the presence of subunits which exhibit a polarity through an abundance of surface carboxyl and sulfhydryl groups ( Table 2) .
The exchangeable cations known to play significant roles in heat resistance (Alderton & Snell, 1963) and in germination (Rode & Foster, 1966a) , and which are bound by isolated coat fractions (Foerster & Foster, 1966) , possibly interact with the dicarboxylic amino acids contained in abundance in the paracrystal fraction. Of course, interaction with coat muropeptides is also a possibility. Likewise, there is growing evidence of involvement of -SH groups, very likely those of the spore paracrystal keratin fraction, in radiation-and heat-resistance (Vinter, 1961) and in the dormancy-heat activation interplay (Gould & Hitchins, 1963 ; Keynan, Evenchik, Halvorson & Hastings, 1964; Keynan, Issahary-Brand & Evenchik, 1965) .
It may not be without significance that numerous substances, including hydrocarbons, long-chain alcohols, chelating agents, detergents, electrolytes and calcium ions, which have important effects on the germination of bacterial spores, also affect the association/dissociation equilibrium of proteins (Reithal, 1963) and may have implications for dormancy versus germination.
EXPLANATION OF PLATES PLATE 1
Figs. 14. Photomicrographs of 'paracrystal' solids that formed spontaneously during in-vacuum concentration of the supernatant fluids from sonic treatment (mild) of NaOH-extracted spore coats (see Fig. 1 ). Bacillus megaterium QM ~1551; dark-field phase contrast. resistant to sonic treatment after removal by centrifugation of the paracrystal material. A few paracrystal fraction particles adhere to the smooth basal layer which itself shows some indication of a substructure of uniform particles. Shadow angle 45", x 100,000.
